Objective: Mutations in the selenocysteine insertion sequence binding protein 2 gene (SECISBP2 also known as SBP2) lead to a multisystemic disorder. Our objectives are to examine the clinical manifestations of the present patient and evaluate the effects of GH and triiodothyronine (T 3 ) for longitudinal bone growth and maturation. Methods: A Japanese boy presented with unusual thyroid function tests (normal or slightly elevated TSH, low-normal or slightly decreased free T 3 (FT 3 ), and elevated free thyroxine (FT 4 )), short stature without GH deficiency, and delayed bone maturation. The entire coding region of the patient's SBP2 was analyzed. GH treatment was initiated when the patient was 4 years old, and combination therapy with GH plus T 3 was started when the patient was 10 years old. We monitored the patient's height and bone age until he was 11 years old. Results: The patient showed typical symptoms of SBP2 deficiency, and novel compound heterozygous mutations were identified in SBP2 (p.M515fsX563/p.Q79X). Six years of GH monotherapy improved the patient's height S.D. from K3.4 to K1.7 without accelerating bone maturation, whereas 6 months of T 3 treatment combined with GH almost normalized the thyroid function tests and improved both longitudinal bone growth and maturation. Conclusions: In the growth plate, GH may compensate for decreased local T 3 effects on longitudinal bone growth; however, GH does not appear to compensate for the effects of T 3 on bone maturation. We believe that the present case has important implications for understanding the mechanism of thyroid hormone and GH on longitudinal bone growth and maturation.
Introduction
Selenium (Se) is an essential nutritional trace element for humans and diverse species (1) . The principal physiological roles of Se are exhibited by selenoproteins, which contain selenocysteine (Sec), the main form of Se, within their active sites (2, 3, 4, 5) . Twenty-five selenoprotein genes have been identified in humans (2, 3, 4, 5) . Although not all the functions of selenoproteins have been elucidated, selenoproteins such as glutathione peroxidases (GPx), thioredoxin reductases, and iodothyronine deiodinases have physiological functions in antioxidant defense, oxidoreduction, and thyroid hormone metabolism respectively (2, 3, 4, 5) .
Selenoproteins require several specific cis-acting sequences in their mRNA and trans-acting factors for their synthesis (2, 3, 4, 5, 6) . Although the UGA codon normally operates in translation termination, the UGA codons in the coding region of selenoprotein mRNAs are recoded to Sec (2, 3, 4, 5) . A stem-loop structure, Sec insertion sequence (SECIS), in the 3 0 -UTR is considered to be crucial for this process (2, 3, 4, 5) . Furthermore, several trans-acting factors, such as selenocysteyltRNA
[ser]sec , dedicated elongation factor (EFSec), and SECIS binding protein 2 (SECISBP2 also known as SBP2), are indispensable for Sec incorporation into selenoproteins (2, 3, 4, 5) .
The iodothyronine deiodinases activate or inactivate thyroid hormone action and are therefore indispensable for the appropriate biological functions of thyroid hormone (7) . Three types of iodothyronine deiodinases have been documented in humans. Type 1 and type 2 iodothyronine deiodinases (D1 and D2 respectively) primarily act as activating enzymes of thyroid hormone; conversely, type 3 iodothyronine deiodinase (D3) acts as an inactivating enzyme. Several types of deiodinase-deficient transgenic mice, such as D1 knockout, D2 knockout, D3 knockout, and D1/D2 combined knockout mice, have been created; however, no iodothyronine deiodinase mutations have been described in humans (7) . Iodothyronine deiodinase metabolic disorders in humans were first described in 2005 by Dumitrescu et al. (6) . The patients, who harbored mutations in SBP2, had characteristic abnormalities in thyroid hormone levels (high thyroxine (T 4 ), low triiodothyronine (T 3 ), and normal or slightly elevated TSH) and had characteristic phenotypes, such as short stature in their childhood and bone maturation delay (6) . Similar unusual thyroid hormone patterns and phenotypes have been described in other reports (8, 9, 10) . The more recent reports have documented other symptoms, such as myopathy (8, 10) , azoospermia (10) , and photosensitivity (10) , which are caused by the involvement of SBP2 in the production of other selenoproteins.
Here, we describe the case of a Japanese boy with novel compound heterozygous mutations in SBP2. We have followed this patient's clinical course and thyroid function tests since he was 2 years of age. To the best of our knowledge, this report is the first to describe the results of GH treatment in a patient with SBP2 mutations. In addition, we examined the effects of GH monotherapy and combination therapy with T 3 plus GH on longitudinal bone growth and maturation in this patient.
Materials and methods

Hormonal assays
Chemiluminescence enzyme immunoassays (Lumipulse TSH-III, FT 3 -N, and FT 4 ; Fujirebio, Inc., Tokyo, Japan) were used to measure TSH, FT 3 , and FT 4 . GH was measured by IRMA (GH kit Daiichi; TFB, Inc., Tokyo, Japan). IGF1 and IGFBP3 were measured by IRMA (Somatomedin C$II Siemens; Siemens Healthcare Diagnostics, Inc., Tokyo, Japan) and RIA (IGFBP3 Cosmic; Cosmic Corporation, Tokyo, Japan) respectively.
Se and selenoprotein assays
Plasma Se was measured using an atomic absorption spectrophotometer (SPECTR AA220Z; Agilent Technologies, Inc., Tokyo, Japan). Plasma selenoprotein P (SeP) concentrations were determined using a sandwich ELISA with rat antihuman SeP MABs BD1 and AH5, as described earlier (11) . The optical density of the plates was measured at 450 nm using an OPTImax tunable microplate reader (Molecular Devices, Sunnyvale, CA, USA). All measurements were made in duplicate, and the average value was used. To measure extracellular GPx activities, a coupled enzyme assay, which was performed following the oxidation of NADPH, was used as described earlier (12) . The assay conditions were as follows: 0.1 M phosphate buffer, pH 7.0, 0.2 mM NADPH, 0.5 mM EDTA, 1 mM NaN 3 , 2 mM GSH, 1 unit/ml GSH reductase, and 30 mM hydrogen peroxide. The oxidation of NADPH was followed at 340 nm at 37 8C, and the activity was expressed as nmol of NADPH oxidized per minute.
DNA sequencing and analysis
Genomic DNA was isolated from peripheral blood lymphocytes by using a DNA Quick II kit (Dainippon Pharmaceuticals, Osaka, Japan). Each exon of SBP2 including the intron/exon boundaries was PCR amplified for 30 cycles using the previously reported conditions (9) . The PCR products were purified by using a QIAquick PCR Purification kit (Qiagen GmbH) and sequenced using an ABI PRISM 310 Genetic Analyzer (PE Applied Biosystems, Foster City, CA, USA) or the CEQ 8000 Genetic Analysis System (Beckman Coulter, Inc., Fullerton, CA, USA). The structure of human SBP2 was obtained from the GenBank database (ENSG00000105607).
GH treatment
The patient was treated with recombinant human GH at the standard Japanese dose for GH deficiency (0.175 mg/kg per week; Nordiflex; Novo Nordisk A/S, Copenhagen, Denmark). The GH dose was titrated monthly according to the patient's body weight. The levels of IGF1, IGFBP3, and thyroid hormone were examined every 3 months. Bone age was evaluated at least annually by the Greulich-Pyle method or the Tanner-Whitehouse 2 method for Japanese children by the same physician (T H).
T 3 treatment
Liothyronine sodium (thyronamine; Takeda Pharmaceutical Company Limited, Osaka, Japan; 5 mg/day) was given in two divided doses, and we monitored the patient's thyroid function tests, longitudinal bone growth, and bone maturation.
These studies were approved by the ethics committee of Aichi Children's Health and Medical Center, Doshisha University, and Shimane University Faculty of Medicine. Written informed consent for molecular studies, GH treatment, and T 3 treatment was obtained from the patient's parents.
Case report
The patient was born to nonconsanguineous Japanese parents at 39 weeks' gestation after an uncomplicated delivery. At birth, the patient weighed 2784 g (K1.1 S.D.) and was 49.0 cm in height (0.0 S.D.). Neonatal screening for congenital hypothyroidism on the fifth day of life showed a normal TSH value (0.4 mU/ml). The patient's father had Graves' disease and received an antithyroid drug (methimazole); however, no other family members had thyroid diseases. The father's height was 160 cm (K1.9 S.D.), and the mother's height was 145 cm (K2.5 S.D.) (Fig. 1) . The target height of the patient was calculated to be 159 cm (K2.0 S.D.). The patient's mother was a twin sister, and the patient's maternal grandmother also had short stature (143 cm). The patient had an elder brother and a younger brother, and the elder brother was diagnosed as having pervasive development disorder.
An infant health check at 3 months of age revealed short stature and failure to thrive. The patient's motor and intellectual developments were delayed. He started walking at 1 year 10 months and speaking at 3 years of age. He was referred to Aichi Children's Health and Medical Center due to short stature at 2 years 8 months of age. No goiter or other somatic abnormalities except esotropia was found. His height was 78.5 cm (K3.7 S.D.) and his body weight was 9.4 kg (K2.6 S.D.). At the chronological age of 2 years 8 months, the patient's bone age was 6 months, as determined by the GreulichPyle method. Serum levels of IGF1 and IGFBP3 were normal at 48 ng/ml (age-related normal range, 11-172 ng/ml) and 1.69 mg/ml (age-related normal range, 1.02-2.50 mg/ml) respectively. The peak GH response to L-DOPA, clonidine, and arginine was 8.97, 7.43, and 13.13 ng/ml respectively. The results of brain magnetic resonance imaging (MRI) were normal.
The serum TSH level was 4.98 mU/ml (normal range, 0.46-3.73 mU/ml). The FT 4 level was 2.90 ng/dl (normal range, 0.88-1.50 ng/dl), and the FT 3 level was 2.28 pg/ml (normal range, 2.51-4.12 pg/ml). The FT 4 measurement following equilibrium dialysis was 2.47 ng/dl (normal range, 0.77-1.93 ng/dl). The results of a T 3 provocation test (13) were inconsistent with resistance to thyroid hormone (data not shown), and no mutations were found in THRB. Serum thyroglobulin and autoantibodies to thyroid peroxidase and thyroglobulin were normal (data not shown). Ultrasonography revealed that the thyroid gland was hypoplastic at 10 years of age; the sum of the width of the right and left lobes was 1.4 cm, and the sum of the thickness of the right and left lobes was 1.2 cm (heightrelated reference range, width 2.4G0.3 cm and thickness 1.8G0.4 cm) (14) .
The patient had rotatory vertigo and recurrent exudative otitis media. Audiometric tests performed at 5 and 10 years of age showed bilateral mild conductive hearing loss (15-30 dB in the right ear and 25-35 dB in the left ear). The patient had worn glasses since 1 year 9 months of age because of bilateral hyperopia and esotropia. He often felt fatigued, and cross-sectional T1-weighted MRI at the mid-thigh level at 10 years of age revealed connective tissue and fatty infiltration in the adductor muscle (Fig. 2) . The Wechsler intelligence scale for children third edition (WISC-III) showed mild mental retardation. The patient's full-scale IQ was 66 and 70, his verbal IQ was 71 and 80, and his performance IQ was 68 and 65 at 6 and 10 years of age respectively. A child psychiatrist diagnosed the patient as having mild mental retardation and pervasive development disorders. The patient was a student in a special education class for children with mental retardation. He had no symptoms of photosensitivity.
Results
We started GH treatment (0.175 mg/kg per week) at 4 years 4 months of age because the patient's short stature and bone maturational delay persisted after his first visit to the hospital. (At 3 years 9 months of age, the patient's height S.D. was K3.8 S.D. and his bone age, as evaluated by the Greulich-Pyle method, was 1 year.) Six years of GH treatment resulted in improvement of the patient's height SDS from K3.4 to K1.7 at 10 years 9 months of age; however, his bone age, as evaluated by the Tanner-Whitehouse 2 method for Japanese children, was only 7 years 8 months (Fig. 3 and Table 1 ). Regarding thyroid function tests, the values of TSH are within the reference range since 6 months after initiating the GH treatment; however, the unique values of FT 3 and FT 4 (low-normal and slightly lower FT 3 commencement of GH treatment (Fig. 4A, B and C) . The values of IGF1 and IGFBP3 had remained within the age-related reference range since the beginning of GH treatment (data not shown).
Although the patient's height SDS was satisfactorily improved by GH treatment, continuous unique abnormalities in the thyroid function tests and the characteristic clinical manifestations prompted us to investigate the SBP2 deficiency disorder. The patient's serum levels of Se, SeP, and GPx were extremely low; however, no other family members showed similar abnormalities (Fig. 1) . Sequencing of SBP2 identified novel compound heterozygous mutations in the proband (p.M515fsX563/p.Q79X). A C-to-T transition in codon 79 (c.235COT), which was inherited from his mother, resulted in the replacement of normal glutamine (CAG) with a stop codon (TAG) in exon 3 (p.Q79X). A 13 bp duplication in exon 11 (c.1529_1541dupCCAGCGCCCCACT) caused the insertion of four amino acids (QRPT); this mutation was a frame-shifting mutation that resulted in a premature stop codon after 48 amino acids (p.M515fsX563). This 13 bp duplication was not identified in any other family members. Both mutations created premature stop codons, and the diagnosis of SBP2 deficiency disorder was confirmed by these results.
We started T 3 replacement therapy (5 mg/day, given in two divided doses) at 10 years 11 months of age in addition to GH treatment, and we monitored the patient's thyroid function tests, height SDS, and bone age for 6 months after the initiation of combination therapy. The TSH levels remained in the normal range (Fig. 4A) . The FT 3 levels increased within the normal range (Fig. 4B) , and the FT 4 levels decreased to the normal range and then slightly elevated (Fig. 4C) . The patient's height SDS improved from K1.8 to K1.6 S.D. during the 6 months of combination therapy. Notably, his bone age advanced 1 year 10 months of age during an 8-month period that included 6 months of combination therapy with GH plus T 3 ( Fig. 3 and Table 1 ). The patient's testicular volumes were 3 ml at 11 years 5 months of age.
Discussion
The proband had characteristic phenotypes of the SBP2 deficiency syndrome. Growth retardation and delayed bone maturation have been documented in the majority of patients with the SBP2 mutations (6, 8, 9, 10) . Some degree of developmental delay has been recognized in all the reported patients (6, 8, 9, 10, 15, 16) .
Skeletal muscle involvement, probably due to selenoprotein N deficiency, has been described in several patients with SBP2 mutations (8, 10) . Defects in the selenoprotein N gene (SEPN1) cause SEPN1-related myopathy, also called rigid spine muscular dystrophy (17) . Some patients with SBP2 mutations had similar muscular findings as patients with defective SEPN1 (8, 10) . The MRI findings at the mid-thigh level of the present patient were quite similar to the MRI findings from a pediatric case reported by Schoenmakers et al. Arrows indicate the gap between chronological age and bone age. Height velocity apparently increased after initiating the GH treatment; however, a gap of approximately 3 years between chronological age and bone age remained until the commencement of T 3 treatment. Six months of T 3 treatment with GH decreased the gap. We obtained permission to use the growth chart for Japanese boys based on a cross-sectional survey in 2000 (29) .
SBP2 deficiency patients with muscle findings (8, 10) . Thus, adductor muscle involvement may be a characteristic of SBP2 deficiency. Sensorineural hearing loss has also been documented in a few SBP2-deficient patients (8, 10) . Observations in mice suggest that there is a relationship between SBP2 deficiency and hearing loss; D2 is expressed in the cochlea before the onset of hearing in mice (18) , and hearing loss with retarded cochlear development is found in mice that lack D2 (19). Schoenmakers et al. (10) described two patients (an adult and a child) with SBP2 deficiency disorder with sensorineural hearing loss; hearing impairment of the child was not as severe as that of the adult patient. The authors speculated that the accumulation of reactive oxygen species due to deficiencies in some selenoproteins might have affected the age-related deterioration (10). Although we cannot clarify the relationship between conductive hearing loss and SBP2 deficiency in the present patient, we plan to closely monitor the patient's hearing for age-related hearing deterioration.
All the reported patients with SBP2 mutations have slightly elevated FT 4 , low or low-normal T 3 , and normal or slightly elevated TSH levels, probably due to combined reduced enzymatic activities of iodothyronine deiodinases (6, 8, 9, 10) . The results of thyroid function tests of any iodothyronine deiodinase knockout mice, such as the D1, D2, D3, and D1/D2 knockout, are not completely equivalent to the reported levels for individuals with SBP2 mutations. The difference may be the result of combined iodothyronine deiodinase defects in SBP2 deficiency, although iodothyronine deiodinase enzymatic activities other than D2 have not been demonstrated in patients with SBP2 mutation (6) . The TSH levels in the present patient were slightly elevated until about 5 years of age and then they became normal (Fig. 4A) . The elevated TSH level might have been caused by higher requirements for thyroid hormone during early childhood; alternatively, the normalization of TSH level might have been caused by GH treatment. GH might have altered the sensitivity of the hypothalamus and/or pituitary to thyroid hormone because the TSH levels decreased to within the normal range a few months after initiating the GH treatment. GH usually increases the serum FT 3 and decreases FT 4 in both levothyroxine-treated and normal individuals; these changes are probably due to increased T 4 to T 3 conversion (20) . However, the present patient's thyroid hormone levels hardly changed since the commencement of GH therapy. This result may suggest a deficiency in the activities of iodothyronine deiodinases. These unique values of thyroid hormone and TSH are important clues in the diagnosis of SBP2 deficiency. Additionally, all the reported child probands, except for one case reported by Azevedo et al. (8) , visited the hospital due to short stature (6, 9, 10) . We believe that this is a crucial opportunity for clinicians to examine the possibility of SBP2 deficiency in young children because pediatricians usually examine thyroid hormone and bone age during general screening for short stature.
All the reported patients with SBP2 biallelic mutations had low levels of Se, SeP, and GPx (6, 8, 9, 10) , and the present patient also had extremely low levels (Fig. 1) . The patient's younger brother had slightly low levels in these indices (Fig. 1) ; however, he did not have any mutations in SBP2. We assume that these slightly low Se and selenoprotein levels may be due to his young age, although there are no reference values for selenoprotein levels during infancy.
Human SBP2 has 854 amino acids and 17 exons (21). In rat Sbp2, amino acids 399-517 are specifically required for Sec insertion, and amino acids 517-777 are required for RNA binding to SECIS; therefore, amino acids 399-777 are considered to be the minimal functional domain (22) . The overall percentage of amino acid sequence identity of the human sequence vs the rat sequences is 73. There are two blocks of high homology between the human and the rat sequences; human SBP2 residues 479-543 and 620-777 have 92 and 95% amino acid sequence identity with rat Sbp2 respectively (21) .
A handful of subjects with SBP2 mutations have been reported; however, neither hot spots nor common mutational types have been recognized (6, 8, 9, 10) . Dominant negative effects of truncated proteins are unlikely because all the reported heterozygous individuals are normal.
The present patient had novel compound heterozygous mutations in SBP2 (p.M515fsX563/p.Q79X). The allele with the M515fsX563 mutation is predicted to undergo nonsense-mediated mRNA decay and lose its function because it creates a novel stop codon in exon 12. However, the allele with the Q79X mutation is likely to maintain several of the functions of SBP2 despite its premature termination. Di Cosmo et al. (9) demonstrated that the R128X mutation in exon 3 produced smaller SBP2 functional molecules with the essential domains by alternative translation from different downstream AUGs. The allele with the Q79X mutation may have the ability to produce the functional smaller SBP2 proteins similar to the allele with the R128X mutation, and these active isoforms may contribute to the relatively mild phenotype of the present patient.
Although almost all the reported patients with SBP2 mutations exhibited short stature in childhood, no GH-deficient patients have been documented, and the growth retardation is considered to be transient and depends on the residual activity of SBP2 (9) . Decreased SBP2 activity may lead to some degree of growth impairment due to unknown roles of selenoproteins. The heights of the three affected individuals in the first reported family ranged from less than the 1st percentile to the 3rd percentile during growth and from the 1st to the 10th percentile in adulthood. The heights of the four unaffected siblings ranged from the 3rd to the 25th percentile during growth and from the 10th to the 50th percentile in adulthood (15) . The present patient's mother was heterozygous for the SBP2 mutation and showed short stature. It is difficult to clarify the relationship between her short stature and the mutation because she had multiple factors that may have affected her short stature, such as family history of short stature and her birth history of having a twin sibling.
Slightly decreased T 3 levels probably affect the growth and ossification retardation in SBP2-deficient subjects. Thyroid hormone is essential for normal skeletal development and maturation (23) . Thyroid hormone has both direct and indirect effects on the growth plate. In cell culture, thyroid hormone acts directly on the growth plate chondrocytes to promote hypertrophic differentiation (24) . Furthermore, thyroid hormone promotes chondrocyte differentiation in mouse ATDC5 cells and stimulates endochondral ossification in fetal mouse tibias through the local conversion of T 4 to T 3 by D2 in the growth plate (25) . In addition to these direct effects, thyroid hormone indirectly acts on the growth plate via increasing GH and IGF1 secretion (26).
Several treatments (e.g. Se supplementation and L-T 3 replacement) have been attempted to improve height S.D. and normalize thyroid hormone levels in SBP2 deficiency. Se supplementation failed to increase the height SDS and failed to normalize thyroid hormone levels (9) . On the other hand, L-T 3 replacement therapy may provide some beneficial effects. Di Cosmo et al. (9) reported that T 3 replacement increased both height S.D. and bone age and narrowed the gap between chronological age and bone age. Schoenmakers et al. (10) reported that normal FT 3 levels following the commencement of T 3 treatment were associated with improved linear growth, speech, and neurodevelopment in a male child. In contrast, Dumitrescu et al. (15) reported that T 3 replacement for 8 months had no obvious effect on growth; however, this negative result might have been caused by the patient's age (13.5 years).
GH treatment (0.175 mg/kg per week) increased the height SDS by C1.6 S.D. in 5 years without accelerating bone maturation in the present patient. These positive effects on longitudinal growth, mediated by GH, correspond to the findings by Kindblom et al. (27) , who found that GH replacement increased longitudinal bone growth but did not normalize growth plate endochondral ossification in thyroid hormone receptor a1-, b1-, and b2-deficient mice. Furthermore, Huang et al. (28) reported that increased local IGF1 production by T 3 is essential for the anabolic effects of thyroid hormone in mice osteoblasts. These reports and the findings in the present case suggest that GH could compensate for decreased T 3 anabolic effects on longitudinal bone growth to some extent; however, GH could not compensate for delayed ossification without a sufficient level of T 3 . Indeed, 6-month T 3 replacement therapy apparently advanced the bone maturation and slightly increased the height SDS in the present patient (Table 1) . We believe that T 3 replacement therapy in patients with SBP2 mutations accelerates both the longitudinal bone growth and maturation. However, there are no data on the final height of SBP2-deficient patients who receive T 3 replacement therapy. Close growth monitoring is indispensable when SBP2 deficiency is treated with T 3 , because the rapid advancement of bone age may result in rapid epiphyseal fusion and compromise the adult height.
In conclusion, the patient in the present case had novel compound heterozygous mutations in SBP2 and exhibited symptoms and laboratory results that were characteristic of SBP2 deficiency. Although further investigations are required, we believe that the present case has important implications for understanding the mechanism of thyroid hormone and GH on longitudinal bone growth and maturation.
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